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ABSTRACT

Prostate cancer (PCa) is the second frequently newly diagnosed cancer in men. Androgen deprivation
therapy has been widely used to inhibit PCa growth but eventually fails in many patients. Androgen
receptor and its downstream molecules like microRNAs could be promising therapeutic targets. We
aimed to investigate the involvement of miR-21 in PCa tumorigenesis. We found that miR-21 was an
unfavorable factor and correlated positively with tumor grade in PCa patients from TCGA database. MiR-
21 was more highly expressed in androgen-independent PCa cells than in androgen-dependent PCa
cells. Overexpression of miR-21 promoted androgen-dependent and -independent PCa cell proliferation,
migration, invasion, and resistance to apoptosis. Furthermore, increased miR-21 expression promoted
mouse xenograft growth. We identified nine genes differentially expressed in PCa tumors and normal
tissue which could be potential targets of miR-21 by bioinformatic analyses. We demonstrate that miR-
21 directly targeted KLF5 and inhibited KLF5 mRNA and protein levels in PCa. STRING and functional
enrichment analysis results suggest that GSK3B might be regulated by KLF5. Our findings demonstrate
that miR-21 promotes the tumorigenesis of PCa cells by directly targeting KLF5. These biological effects
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are mediated through upregulation of GSK3B and activation of the AKT signaling pathway.

Introduction

Prostate cancer (PCa) is the second frequently newly diag-
nosed cancer in men around the world. Estimates predicted
that as many as 1,276,106 men around the world would die
because of PCa in 2018." PCa has substantial heterogeneity,
leading to variable clinical course and outcome.” It is known
that androgen and androgen receptor (AR) drive PCa cell
proliferation in the early stages. Thus, androgen deprivation
therapy has been widely used in clinical practice to inhibit
PCa growth.” Nevertheless, this therapy eventually fails in
many patients, driving the transformation of androgen-
dependent PCa into androgen-independent PCa, which is
more aggressive, easily metastasized, and lacks effective
therapy.* In androgen-independent PCa, AR signaling is aber-
rantly active without androgen. Therefore, AR and its down-
stream molecules may be promising therapeutic targets for
both androgen-dependent and androgen-independent PCa.’
Many molecules are involved in AR signaling, including AR
co-regulators and microRNAs (miRNAs).>*’” MiRNAs repre-
sent a class of small non-coding RNAs (18-25 nucleotides in
length) binding to the 3'-untranslated region of the target
mRNA and destabilizing mRNA or inhibiting its translation.®
MiRNAs regulate multiple biological processes, especially in the
pathogenesis of cancers.”'® Some miRNAs may be promoted or

inhibited by AR, such as miR-125b, miR-101, miR-21, and miR-
34a.>'""> Among these, miR-21 has been reported as an onco-
gene in PCa, regulating various molecular targets such as
programmed cell death 4 (PDCD4), reversion-inducing-
cysteine-rich protein with kazal motifs (RECK), and phospha-
tase and tensin homolog deleted on chromosome 10 (PTEN)."
Recent studies suggested that miR-21 could be a potential bio-
marker or therapeutic target for PCa.'*'?

A number of targets of miR-21 have been predicted by the
microRNA database. Only a few of them were validated by
experiments. Whether miR-21 can regulate the biological
function of androgen-dependent and androgen-independent
PCa cells through certain molecular targets remains unknown.
Therefore, we aimed to investigate the biological role of miR-
21 and its underlying mechanism in PCa tumorigenesis.

Results

MiR-21 promotes PCa cell proliferation and colony
formation

As shown in Figure 1(a and b), miR-21 expression was sig-
nificantly greater in PCa tissue than in normal tissue
(p < 0.001). The miR-21 levels increased gradually with
Gleason score. High levels of miR-21 were associated with

CONTACT Qing H Meng 8 ghmeng@mdanderson.org; Jianxin Lyu @ jxlu313@163.com

Chen Guan and Lingling Zhang contributed equally to this work

@ Supplemental data for this article can be accessed on the publisher’s website.

© 2019 Taylor & Francis Group, LLC


https://doi.org/10.1080/15384047.2019.1599659
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2019.1599659&domain=pdf&date_stamp=2019-06-15

1150 (&) C.GUAN ET AL.

e 3 2.5 sk
a TCGA b TCGA H
20
e 20- §
5 e
- 18 5 a—
g % 184 §' 1.0
g 6 & g o5
s 187 H
S - 0.0 v
o N NC miR-21mimic
X 14 144
5 E _ 15 LNcap
o
12 , . 12 3
Normal tissue Tumor tissue 6 7 8 9 510
Gleason score i T
C - —lw%:: d Fu
1.5' *h o
° r vy 1 %
> o S — 3 0.0 '
= - T NC  miR-21 inhibitor
5 L & 10 ——— DU145
o 2 I < "9
o] © >
2 - ¢ :
S X o 8 1.01
g ™ ] g
e o= P=0.043 o S 051
= -
([3) = miR-21 High (n=244) £ ;"
™ miR-21 Low (n=246) d 0.0- E
avs LNeap  Veap DU145 0.0-
100 2000 300 430 “0m miR-21 inhibitor
prostate cancer cell lines
- s S 2.0,
. 520 -e- MOCK
§ 0 mIR 21 mimic g : :gcx g g
ibi C 45l iR-21 inhibit
Q O.B- MOCK gts_ ~&- miR-21 Inhibitor % 15 =+ m nhibitor
I 3 3
£ 0.6 £ 5
3 o 3 1.0 Z
= 0.44 = »
] 8 s 2
£ 0.2 e 2
k! 3 z
& oo¥ €O 3 3 :
Time(days)
Tlme(days) Time(days)
LNcap DU145 PC-3

gl

’B‘

Z’
(@]

MOCK MOCK
150-
2w
I
MOCK NC  miR-21 minic
miR-21 mimic miR-21 inhibitor miR-21 inhibitor
LNcap DU145 PC-3

Figure 1. MiR-21 promotes PCa cell proliferation and colony formation.

(a) MiR-21 expression levels in PCa tumor tissue and paired normal tissue from the TCGA PCa database. (b) MiR-21 expression level in groups of patients by Gleason
score. (c) Survival analysis of patients with high or low levels of miR-21. (d) MiR-21 expression levels of androgen-dependent (LNCaP and VCaP) and androgen-
independent (PC-3 and DU145) PCa cell lines. (e) MiR-21 expression levels of LNCaP, DU145, and PC-3 cells after transfection with an miR-21 mimic vector (LNCaP) or
miR-21 inhibition vector (DU145 or PC-3). (f) Viability of these cells for up to 4 days was measured by CCK-8 assay. (g-i) Colony formation by LNCaP, DU145, and PC-3
cells was quantified. The small pictures were photographed at X200 magnification under a microscope. MOCK cells were not transfected; NC indicates transfection
with a negative control vector. *p < 0.05, **p < 0.01, ***p < 0.001. as compared with MOCK or corresponding control.



lower survival probability, suggesting that miR-21 is an unfa-
vorable factor in PCa patients (Figure 1c). A similar result was
obtained in PCa cells. MiR-21 was expressed to a greater
extent in androgen-independent PCa cells (PC-3 and
DU145) than in androgen-dependent PCa cells (VCaP and
LNCaP) (Figure 1d).

The miR-21 levels were increased in androgen-dependent
LNCaP cells after transfection of miR-21 mimic (Figure le).
As demonstrated in Figure 1(f-g), upregulation of miR-21
significantly promoted LNCaP cell viability and colony for-
mation compared with the MOCK group, while downregula-
tion of miR-21 in DU145 and PC-3 cells suppressed both cell
proliferation and colony formation compared with the MOCK
group (DU145, p < 0.01; PC-3, p < 0.05) (Figure 1f, h, i).

MiR-21 inhibits PCa cell apoptosis

Upregulation of miR-21 via transfection with miR-21 mimic
LNCaP moderately decreased the apoptosis rate of LNCaP
cells (Figure 2a-b), whereas downregulation of miR-21 mark-
edly induced apoptosis of the androgen-independent cells
(DU145, from 0.8% to 13.0%; PC3, from 2.2% to 8.7%) com-
pared with the corresponding MOCK group (Figure 2(c-f),
p < 0.01). The changes in proapoptotic (Bax) and anti-
apoptotic (Bcl-2) protein levels induced by miR-21 were in
line with the apoptosis results (Figure 2(g-i)). When the
apoptotic rate was reduced in LNCaP cells, Bax protein was
distinctly downregulated and Bcl-2 protein was slightly upre-
gulated compared with the MOCK group (Figure 2g).
However, when the apoptotic rate was increased through
downregulation of miR-21, the Bax protein level was
increased and the Bcl-2 protein level was decreased compared
with the corresponding MOCK group (Figure 2(h-i)).

MiR-21 promotes PCa cell migration and invasion

Overexpression of miR-21 in LNCaP cells, resulted in greater
migration and invasion than in the MOCK group (p < 0.05),
while inhibition of miR-21 in DU145 and PC-3 cells led to
less migration and invasion (Figure 3(a-b); DU145 p < 0.05;
PC-3 migration p < 0.01, invasion p < 0.001). Similar findings
were observed in the wound healing assay, indicating that the
healing ability of PCa cells was reduced by miR-21 down-
regulation at 48 h (Figure 3(c-d)).

MiR-21 directly targets KLF5 in PCa

The targets of miR-21 were predicted by four prediction
databases (PITA, DIANA, TargetScan, and MiRTargetLink),
which together identified 15 common target genes (Figure
4a). Among the 15 genes, only nine were significantly down-
regulated in PCa compared with normal tissue (Figure 4b).
Analysis of TCGA PCa data revealed a reverse correlation
between KLF5 mRNA and miR-21 expression (Figure 4c).
The expression of KLF5 mRNA and protein was lower in
miR-21-overexpressing LNCaP cells than in MOCK or
untreated controls (Figure 4(d, g)). In contrast, downregula-
tion of miR-21 in DU145 and PC-3 cells increased KLF5
mRNA and protein expression (Figure 4e, f, h, i). The

CANCER BIOLOGY & THERAPY 1151

TargetScan database predicted the pairing target region of
KLF5 and miR-21 (Figure 4j). Luciferase reporter assay con-
firmed the prediction that miR-21 could directly bind to the
3’-untranslated region of KLF5 (Figure 4Kk).

MiR-21 promotes GSK3B and the AKT signaling pathway

Using STRING, we identified 26 KLF5-related proteins (Figure
5a). Functional enrichment analysis suggested that GSK3B and
TP53 are co-involved in multiple pathways (KEGG Pathways:
Pathways in cancer, prostate cancer) and biological processes
(negative regulation of apoptotic process, regulation of growth).
These two proteins, along with KLF5, are mainly located in the
nucleoplasm (Figure 5a, Figure S1). Furthermore, our analysis
of TCGA datasets revealed that GSK3B mRNA expression was
noticeably increased in PCa patients with a high Gleason score,
while KLF5 mRNA declined with a higher Gleason score, while
TP53 mRNA showed no significant correlation with Gleason
score (Figure 5b). KLF5 mRNA was negatively correlated with
GSK3B mRNA in those patients (Figure 5¢, p < 0.001). GSK3B
was an unfavorable factor in PCa patients, in that patients with
a high level of GSK3B showed a tendency for lower survival
probability, and the survival rate of the high GSK3B and low
GSK3B groups diverged and was fairly different after 5 years
(Figure 5d).

As illustrated in Figure 5(e-g), overexpression of miR-
21 increased GSK3B expression and phosphorylation of
AKT (Ser473), whereas downregulation of miR-21
decreased the expression of these proteins. Nevertheless,
AKT phosphorylation on Thr308 was not affected by miR-
21 (Figure S2).

Downregulation of KLF5 promotes PCa tumorigenesis

KLF5 knockdown with shRNA suppressed KLF5 mRNA and
protein expression levels in miR-21-downregulated DU145
cells (Figure 6(a-b)). Downregulation of KLF5 expression
promoted DU145 cell proliferation (Figure 6c), colony forma-
tion (Figure 6d), migration (Figure 6f, h), and invasion
(Figure 6g), and inhibited their apoptosis (p < 0.05; Figure
6e) compared with cells treated with miR-21 inhibitor. After
transfection of KLF5 shRNA, the levels of GSK3B, pS473-
AKT, and Bcl-2 proteins were significantly increased, while
Bax protein level was decreased (Figure 61). Moreover, inhibi-
tion of KLF5 expression notably upregulated miR-21 expres-
sion (p < 0.05) compared with cells treated with the miR-21
inhibitor alone (Figure 6j).

MiR-21 promotes tumor growth in xenograft mice

The mouse tumor xenograft model was successfully established
by injection of mice with DU145 cells transfected with MOCK,
miR-21 mimic, or miR-21 inhibitor (Figure 7a). Growth of
miR-21-overexpressing tumors was significantly greater than
that of the miR-21 inhibition or the MOCK tumors (Figure 7
(b-d)). Immunohistochemistry revealed that expression of
KLF5 was reduced in mouse tumors overexpressing miR-21
(Figure 7e).
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Figure 2. MiR-21 inhibits PCa cell apoptosis.

DU145 PC-3

(a-f) Apoptotic rates of LNCaP, DU145, and PC-3 cells after transfection with an miR-21 mimic (LNCaP) or miR-21 inhibitor (DU145 and PC-3) were determined by flow
cytometry (a, ¢, ) and the results quantified (b, ¢, f). (g-i) Expression of Bax and Bcl-2 proteins in each LNCaPcell group. B-actin was used as an internal control.
Quantified results are showed under each gel image. MOCK cells were not transfected; NC indicates transfection with negative control vector. *p < 0.05, **p < 0.01 as

compared with MOCK.

Discussion

MiR-21 has been shown to be upregulated in many types of
cancer, including PCa.”'®"” Finding new miR-21 target genes
may help us better understand the role of miR-21 in tumorigen-
esis and offer a potential therapeutic target for PCa. Previous

work on miR-21 in PCa focused mainly on genes that have been
validated in other cancers."®" Little is known about novel miR-
21 target genes whose expression is significantly altered in PCa.

In this study, we demonstrated that miR-21 is upregulated
in PCa and is associated with higher pathologic grade
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(a,b) Effect of miR-21 upregulation in LNCaP cells and miR-21 downregulation in DU145 and PC-3 cells on cell migration and invasion in a transwell chamber assay.
The cells that migrated or invaded through the membrane in each assay were counted and the quantified results are shown under the images. (c-d) The migration
capacity of DU145 and PC-3 cells was also determined by wound healing assay. The healing rate of cells was calculated and is shown under the images. MOCK cells
were not transfected; NC indicates transfection with negative control vector. *p < 0.05, **p < 0.01, ***p < 0.01 as compared with MOCK.

(Gleason score) and that high levels of miR-21 are associated
with lower survival rate in PCa patients. The association
between miR-21 and Gleason score and survival rate suggest
that miR-21 might be a useful biomarker to predict the out-
come of PCa. Our results are in line with previous studies
whose results also suggest that miR-21 could serve as
a prognostic marker for PCa.*

The results of our in vitro experiments suggest that miR-21
promotes PCa cell proliferation, migration, invasion, and
resistance to apoptosis. The promoting effect of miR-21 on
PCa growth was supported by the in vivo experiment and was
consistent with reported findings.”' It reinforces the idea that
miR-21 induces PCa cell growth not only in androgen-
independent cells but also in androgen-dependent cells. It
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Figure 4. MiR-21 directly targets KLF5 in PCa.

(a) The targets of miR-21 as predicted by PITA, DIANA, TargetScan, and MiRTargetLink databases. (b) The TCGA PCa database (PRAD) was analyzed to determine the
expression levels of the 15 target genes. (c) The correlation of miR-21 and KLF5 mRNA expression levels in the TCGA PCa database. (d-f) The effect of miR-21 level on
KLF5 mRNA expression levels in LNCaP, DU145, and PC-3 cells. (g-i) The effects of miR-21 level on KLF5 protein expression levels in LNCaP, DU145, and PC-3 cells. 8-
actin was used as an internal control. The quantified results are shown under the KLF5 gel images. (j) The consequential pairing of the target region of KLF5 and miR-
21. (k) The direct targeting by miR-21 of the 3'-UTR region of KLF5 was confirmed by Luciferase reporter assay. MOCK cells were not transfected; NC indicates
transfection with negative control vector. *p < 0.05, **p < 0.01 as compared with MOCK.

has been proven that miR-21 can induce cancer cell metastasis
and resistance to apoptosis,”> and our results support this.
Increased apoptosis of cancer cells is induced by the increased
pro-apoptotic proteins (Bax, Bak) and the decreased anti-
apoptotic proteins (Bcl-2,Bcl-w,Bcl-X,Bfl-1,Mcl-1), Bcl-2
and Bax are well demonstrated by many studies.> ** In our
study, the increased expression of Bax and the decreased

expression of Bcl-2 were in line with the changes in apoptosis
induced by downregulation of miR-21in the corresponding
cancer cells.

A number of targets of miR-21 have been reported in PCa
including PTEN.”*"*® In this study, we identified nine genes
differentially expressed in PCa tumors and normal tissue
which could be potential targets of miR-21. Among these
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(a) The protein-protein interaction network and functional enrichment analysis of KLF5-related proteins. (b) The expression levels of GSK3B, TP53, and KLF5 mRNA in
PCa patients with various Gleason categories. (c) The correlation between GSK3B and KLF5 mRNA expression levels in the TCGA PCa database. (d) Survival analysis of
patients with high or low level of GSK3B. (e-g) The effect of miR-21 level on expression levels of GSK3B, AKT, and pS473-AKT proteins in LNCaP, DU145, and PC-3
cells. MOCK cells were not transfected; NC indicates transfection with negative control vector. -actin was used as an internal control. Quantified results are showed

under each gel image. *p < 0.05 as compared with MOCK.

candidates, four genes (SOX5, RECK, TGFBI, and NFIB) have
been reported previously as targets of miR-21.>">* The rela-
tionships of the other five genes (PLEKHA1, KLF5, STAG2,
KRIT1, and FRS2) with miR-21 are still unknown; only FRS2
and KLF5 have been reported to have a role in regulation of
PCa biologic function.**** KLF5 is a transcription factor
located in the cell nucleus that can regulate a wide range of
gene expression, affecting various cellular functions in
cancer.”> KLF5 was reported to play contrary roles in cancer
development, as not only a suppressor but also a promoter.-
%37 Our results show that KLF5 is a target of miR-21, func-
tioning as a tumor suppressor in PCa.

Supporting this conclusion, first, is the negative correlation
between miR-21 and KLF5 expression in PCa patients.
Overexpression of miR-21 downregulated KLF5 mRNA and

protein levels. These findings are supported and confirmed by
the results of the TargetScan database analysis and luciferase
reporter assay, which show that miR-21 directly targets KLF5.
Several studies have shown that KLF5 can be regulated by long
non-coding RNAs, miRNAs, and drugs.’®*° Our results pro-
vide the first known evidence that miR-21 can directly target
KLF5 in PCa. Knocking down KLF5 in miR-21-downregulated
cells promoted cancer cell proliferation, migration, invasion,
and resistance to apoptosis. These findings are consistent with
previous studies demonstrating that deletion of KLF5 pro-
moted cancer growth and led to molecular alterations in
cells.*>*! Most importantly, we found that KLF5 and miR-21
form a feedback loop, in that reduced KLF5 expression can
upregulate miR-21 expression. This can partly explain why
androgen-independent PCa cells express high levels of miR-21.
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DU145 cells. (d) The effect of KLF5 downregulation on colony formation of DU145 cells. Colony numbers are shown at right. The images were photographed at X200
magnification. (e) The effect of KLF5 downregulation on apoptosis of DU145 cells; apoptosis rates are shown at right. (f-g) The effect of KLF5 downregulation on
DU145 cell migration and invasion; the numbers of cells are shown at right. (h) The effect of KLF5 downregulation on wound healing of DU145 cells; the healing rates
are shown under the images. (i) The GSK3B, Bcl2, Bax, AKT, and pS473-AKT proteins in DU145 cells. -actin was used as an internal control; the quantified results are
showed under each gel image. (j) The effect of KLF5 downregulation on miR-21 expression in DU145 cells. *p < 0.05, **p < 0.01, ***p < 0.01, ns, not significant, as

compared with cells treated with miR-21 inhibitor alone.

We also found that KLF5 can regulate GSK3B, which is
considered to be one of the key protein molecules involved in
PCa progression. It was reported that GSK3B can reduce the
transcription activity of AR.*> GSK3B is activated in cancer

cells that have highly metastatic properties and are resistant to
chemotherapy.*>** These findings indicate that GSK3B is an
unfavorable factor in cancers, which is in line with our
findings. In our study, GSK3B had a positive correlation
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compared to MOCK.

with tumor grade in PCa patients. Upregulation of miR-21
promoted GSK3B expression and activated the AKT
signaling pathway, inducing tumorigenesis. As previously
reported, GSK3B can promote AKT phosphorylation and
tumorigenesis.*>*> Most notably, our findings demonstrate
that GSK3B plays an important role in mediating miR-21
activation of the AKT signaling pathway in PCa. GSK3B
could be a new prognostic marker. However, further valida-
tion in a larger cohort of cancer patients is needed.

In summary, our study using bioinformatic approach iden-
tify new targets of miR-21 and verify it's biological functions
in PCa cell lines (androgen-dependent and androgen-
independent), xenografts mice and patients. The results pro-
vide convincing evidence that miR-21 could directly target
KLF5 and promote PCa tumorigenesis. In particular, the feed-
back loop between miR-21 and KLF5 might account for the
aggressive progress of androgen-independent PCa. Our find-
ings provide insight into the mechanism through which miR-

21 and KLF5 are involved in androgen-dependent and andro-
gen-independent PCa, suggesting that MiR-21 and KLF5 play
a crucial role in PCa progression. However, there are some
limitations in our present study. Firstly, apart from KLF5,
other candidate target genes of miR-21 we discovered remain
to be validated. Secondly, the interaction between KLF5 and
AKT signaling downstream molecules remain to be investi-
gated. Thirdly, the preliminary findings need to be demon-
strated in other cell lines, animal models, and most
importantly in human subjects. Future work focusing on
these molecules could eventually lead to better understanding
of the role of miR-21 in the tumorigenesis of PCa and poten-
tial therapeutic approach.

Conclusions

In this study, we demonstrate that miR-21 directly targets
KLF5 and promotes the proliferation, migration, invasion,
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and resistance to apoptosis of androgen-dependent and -
independent PCa cells. The underlying mechanism is
mediated through upregulation of GSK3B and activation of
the AKT signaling pathway. These findings offer a new, dee-
per understanding of the miR-21’s role and in particular,
miR-21 related therapeutic targets in PCa.

Materials and methods
Cell culture and plasmid transfection

Human PCa cells, including androgen-dependent VCaP and
LNCaP and androgen-independent DU145 and PC-3, were
purchased from the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences. LNCaP and PC-3
cells were maintained in F12 medium (Gibco, Carlsbad, CA)
containing 10% fetal bovine serum (FBS) (Gibco), while
DU145 and VCaP cells were maintained in DMEM (Gibco)
containing 10% FBS. All cell lines were cultured at 37°C in
a humidified 5% CO, atmosphere.

To establish stable transfectants, cells were treated according
to our published study protocol.*® The pcDNA3.1-hsa-miR-21
inhibitor sponges (miR-21 inhibitor), pGCMYV-has-miR-21
(miR-21 mimic), and pGPHI-KLF5 (shKLF5) vectors, along
with corresponding negative control (NC) vectors, were synthe-
sized by GenePharma (Shanghai, China). Untransfected cells
(MOCK) served as controls.

Bioinformatic analyses

The Cancer Genome Atlas (TCGA) prostate cancer datasets
(PRAD) containing miRNA mature strand expression RNAseq
and gene expression RNAseq were downloaded from UCSC
Xena (https://xenabrowser.net). The mRNA expression level
and relative clinical data (Gleason score, sample type, sample
ID, survival days) were matched and analyzed in SPSS17.0
(Chicago, IL). The survival rates of different groups of PCa
patients were displayed in Kaplan-Meier survival curves. MiR-
21 targets were predicted by TargetScan,*” PITA,* DIANA,*
and MiRTargetLink.” Analyses of the protein-protein interac-
tion network and functional enrichment of Kriippel-like factor
5 (KLF5)-related proteins were performed in STRING (https://
string-db.org).”" Correlations of glycogen synthase kinase 3
beta (GSK3B), tumor protein P53 (TP53), and KLF5 mRNA
expression with the reviewed Gleason category in prostate
adenocarcinoma were obtained from cBioPortal (http://www.
cbioportal.org).”?

Cell proliferation assay

Cell proliferation was assessed by using the Cell Counting Kit
(CCK-8; Dojindo, Kumamoto, Japan). PCa cells were seeded
into 96-well microplates (LNCaP 5 x 10° cells, DU145 3 x 10’
cells, PC-3 2 x 107 cells per well) and incubated for various
periods of time (1-4 days). After this incubation, 10 uL of
CCK-8 reagent was added to each well and the plates incu-
bated at 37°C for 1 h. Absorbance was measured at 450 nm by
a Multimode Microplate Reader-Varioskan Flash (Thermo
Scientific, Waltham, MA).

Colony formation assay

PCa cells were seeded into 6-well plates (LNCaP 3 x 103 cells,
DU145 1 x 10° cells, PC-3 2 x 10> cells) and incubated for
2 weeks, during which the medium was changed every 3 days.
The plates were rinsed with 1x phosphate-buffered saline
solution (PBS). Cells were fixed in 4% paraformaldehyde
and stained with crystal violet for 15 min. The plates were
rinsed with PBS three times to remove the residual crystal
violet solution, and only the clearly visible colonies (diameter
>50 pm) were counted. The colonies were photographed with
an Eclipse TS100 microscope (Nikon, Tokyo, Japan) at x100
magnification.

Apoptosis assay

To quantify cell apoptosis, PCa cells (1 x 10° PCa cells per
well) were seeded into 6-well plates and the cells were incu-
bated in serum-free medium for 24 h to induce apoptosis.
Cells were harvested and collected by centrifugation and
stained with Annexin V-allophycocyanin and propidium
iodide according to the protocol of the apoptosis detection
kit (KeyGEN, Nanjing, China). Cells (2 x 10* per well) were
then incubated at room temperature for 15 min in the dark.
The apoptosis rates of cells were quantified by a BD Accuri C6
flow cytometer (BD Biosciences, San Jose, CA).

Wound healing assay

A wound healing assay was used to measure cell migra-
tion. DU145 and PC-3 cells were plated in 12-well plates
(DU145 1.5 x 10° cells, PC-3 2 x 10’ cells). When cells
reached 80% confluence, a wound line was scratched into
the surface of each well’s contents with a 200 pL pipette
tip. Cells were gently rinsed twice with PBS and incubated
in a growth medium containing 2% FBS. Beginning at
72 h of incubation, the wound width was measured every
24 h at x100 magnification under a Nikon Eclipse TS100
microscope. The wound closure rate was calculated from
these measurements, as follows: percentage of wound
closure = 1 -(widthy/widthy) x 100%.

Cell migration and invasion assays

PCa cells were washed twice in serum-free culture medium
and seeded (LNCaP 5 x 10* cells, DU145 2 x 10* cells,
PC-3 2 x 10* cells) into transwell chambers with an 8-um
pore polycarbonate membrane (Corning, NY). Medium
containing 20% FBS in the lower chamber served as
a chemoattractant. After incubation at 37°C for 48 h, cells
in the upper chamber were removed using cotton swabs.
Cells that penetrated the membrane were fixed in 4% par-
aformaldehyde and stained with crystal violet for 15 min.
The cells that migrated through the membrane were
counted at a x 100 magnification under the Nikon Eclipse
TS100 microscope. The invasion assay was almost identical
to the migration assay except that, in the invasion assay, the
transwell chamber was pre-coated with 10% Matrigel (BD
Biosciences).
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Luciferase reporter assay

LNCaP cells (NC, miR-21 mimic) were transfected with
GP-miRGLO-KLF5-wt or GP-miRGLO-KLF5-mut vector
(GenePharma). Luciferase was measured according to the
instructions of the Dual-Luciferase Reporter Assay Kit
(Promega, Madison, WI). Briefly, cells were subjected to
lysis in passive lysis buffer, and the LAR II and Stop&Glo
Reagents were added to the lysates. The firefly and Renilla
luciferase activities were measured by the Multimode
Microplate Reader-Varioskan Flash. The sequences that were
inserted into the vectors were as follows: 5- TACAAAAGTT
CAACCTCTTACAATAAGCTAAACGCAATG TCATTT-3
(KLF5-wt) and 5-TACAAAAGTTCAACCTCTTACATATTC
GAAAAC GCAATGTCATTT TTA AA-3° (KLF5-mut).

RNA extraction and qRT-PCR

Total RNA was extracted by TRIzol (Invitrogen, Carlsbad,
CA) following the manufacturer’s protocols. For miRNA
reverse-transcription, 500 ng of total RNA was reverse-
transcribed to ¢DNA with miRNA-specific reverse-
transcription primers (RiboBio, Guangzhou, China) by using
a PrimeScript RT reagent kit (Takara, Shiga, Japan). Gene
expression was quantified by a SYBR Green PCR Kit
(QIAGEN, Hilden, Germany) on a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA). The relative
miRNA expression levels were normalized to U6 expression.
Relative fold-change of miRNA expression was calculated
using the 27**" method. mRNA was quantified in accor-
dance with our previously published study’s protocol.*®
Primers for KLF5 were 5-ACACCAGACCGCAGCTCCA-3"
(forward) and 5-TCCATTGCTGCTGTCTGATTTGTAG-3*
(reverse), and primers for GAPDH were 5-GCCAGTGGAC
TCCACGAC-3‘(forward) and 5-“CAACTACATGGTTTA CA
TGTTC-3° (reverse). The experiment was repeated at least
three times.

Western blot analysis

PCa cells were harvested and subjected to lysis in the presence of
a protease inhibitor cocktail. The supernatants were collected after
centrifugation at 14,000 rpm for 15 min at 4°C. The protein
concentration of each was measured by the bicinchoninic acid
protein assay kit (Beyotime, Shanghai, China). An aliquot of 20 ug
of denatured protein from each sample was applied to 10%
sodium dodecyl sulfate-polyacrylamide gel for electrophoresis
and transferred onto nitrocellulose membranes. Membranes
were blocked with 5% skim milk at ambient temperature for 1 h
and incubated with the following primary antibodies: KLF5 (R&D
Systems, Minneapolis, MN), GSK3B, AKT, p-AKT, Bcl2, Bax, and
B-actin (all, Abcam, Cambridge, UK) at 4°C overnight. They then
were incubated with horseradish peroxidase—conjugated second-
ary antibody (1:1000 dilution; MultiSciences, Hangzhou, China)
at room temperature for 1 h. After being washed four times with
TBST for 10 min each, blots were incubated with enhanced
chemiluminescence solution for 3 min. The signals were detected
and quantified by densitometry using Image Lab Software (Bio-
Rad). B-actin was used as an endogenous control.

CANCER BIOLOGY & THERAPY 1159

Tumor xenografts in mice

Male nude mice (4 weeks old) were purchased from Slack
Laboratory Animal Company (Shanghai, China). To establish
the tumor xenograft models, fifteen mice were divided into
three groups and were injected subcutaneously into the right
flank with DU145 cells (4 x 10° cells per mouse) transfected
with MOCK, miR-21 inhibitor, or miR-21 mimic harvested
from culture. Forty days after this injection, the mice were
killed and tumors were dissected for further analysis. All
animal procedures and experimental protocols were approved
by the Laboratory Animal Ethics Committee of Wenzhou
Medical University.

Immunohistochemical assay

Tumor tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned at 5 um. To unmask
the antigen, each section was immersed in sodium citrate
buffer after deparaffinization and rehydration. The sections
were then blocked with 5% BSA and incubated with the
KLF5 primary antibody (3 pg/mL, Abcam) at 4°C over-
night. The sections were stained using an immunohisto-
chemical kit (Boster, Wuhan, China) and counterstained
with hematoxylin. Sections were treated with 5% BSA
alone as the negative control. The sections were photo-
graphed under a Nikon microscope. The mean optical
density of sections (integrated optical density sum/area
sum) was quantified by Image Pro Plus (Cybernetics,
Bethesda, MD).

Statistical analysis

All statistical analyses were performed with Prism 6.0
(GraphPad Software, La Jolla, CA) and SPSS 17.0 (Chicago,
IL) software. Data are expressed as the mean + standard
deviation (SD). Statistical significance was determined by
analysis of variance (ANOVA) or two-tailed Student t-test.
A log-rank test was used for Kaplan-Meier survival analysis.
All experiments were performed at least three times, unless
otherwise indicated. A p-value <0.05 was considered to indi-
cate statistical significance.
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